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Overview 


a Brief Introduction to Metasurfaces and Metamaterials 
a1 Brief Introduction to Transformation Electromagnetics 


J Examples of RF Metasurface/Metamaterial-Enabled 
Devices 


Пп Examples of Optical Metasurface/Metamaterial-Enabled 
Devices 


о Some Remarks on Future Trends 
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Electromagnetic Metamateria 


/Greek prefix "meta" - beyond ) 
> Artificial materials that can be engineered to exhibit 


extraordinary electromagnetic properties that do not 
occur, or may not be readily found, in nature. 


» Metamaterial-enabled devices have a wide range of 
applications in the RF, THz, IR, and visible spectrum. 


. I М 
Conventional vs. Metamaterials 
Е / 








Properties derived from Properties derived from 
constituent atoms. constituent units (artificial atoms), 
which can be engineered. 
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w Transformation Electromagnetics/Optics 


Original (x,,x5,x.) system Transformed (q,,q5,q;) system 





Douglas H. Wemer 
Лл >, 


Transformation 
Electromagnetics Jacobian Matrix A 


and Metamaterials oq, 
l 


MH желер” ax 771 23. 
| X Р 






4; - q,(X,,X4,X4); і = > 






"C de(A) "' de(A) 


Interpret as new material in (X4,X;,X4) 


J. B. Pendry, D. Schurig, and D. R. Smith, "Controlling Electromagnetic Fields," Science, Vol. 312, pp. 1780-1782, 
2006. 
D. H. Werner, and D.-H. Kwon, Transformation Electromagnetics and Metamaterials: Fundamental Principles and 
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V Metamaterials and Transformation Optics 


egative Index Materials Beam Bender Invisibility Cloaks 


Perfect Lens 
Hi 
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The metamaterial technology and transformation optics approach enables 


unprecedented design flexibility and novel device applications. 
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ф Groundbreaking Meta-Antennas 


Octave Bandwidth Negligible Loss Metahorn Antenna 


A wire-grid metamaterial gives low E-plane 
sidelobes from 3.4 GHz to 7.0 GHz. 


Conventional 
Horn 






3.4 GHz 


Metahorn 


Normalized Gain (dB) 





Simulation Measurement 


Broadband Square Metahorn with Polarization- 


Independent Radiation Patterns 
12 GHz 


Pattern (dB) 
ш b ғ A ds А 
о w eo wu © w 


"Шашын: 
low cost 
alternative to 
machined, heavy 
corrugated horns 


* Critical for Space 
-40 dB Applications 





14 GHz 16 GHz 
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An octave-bandwidth negligible-loss 
radiofrequency metamaterial 


Erik Lier!, Douglas H. Werner?, Clinton P. Scarborough?, Qi Wu? and Jeremy A. Bossard^* 


Press Coverage: 
Che New York Cimes 


MicroWaves: RF 


ONNECTING INDUSTR 





МӘСӘ 


SCIENCE : PHYSICS : TECH : NANO : NEWS 


Broadband Monopole Enabled by 
Ultra-Thin Metamaterial Coating 


Measurements 
confirmed that the 
metamaterial increased 


the bandwidth to over an octave while preserving the 
radiation pattern of a simple monopole. 










3.5 4 4.5 5 
(GHz) 





| 3 
Frequency 
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V Transformation Optics Lenses 
Transformation Optics (TO) Collimating Lenses EE К ет: 
a ‘Coordinate Transformation n uhneburg an | W а у | | 





E, A Low index in y’ 





N. Kundtz and D. R. Smith, Nat. Mater. 9, 129 (2010). 
D.-H. Kwon and D. H. Werner, New J. Phys. 10, 115023 (2008). D. R. Smith, Y. Urzhumov, N. B. Kundtz, and N. I. Landy, 
D.-H. Kwon and D. H. Werner, IEEE Antenn. Wire. Propag. Lett. 8, 1115 (2009). Opt. Express 18, 21238 (2010). 
D.-H. Kwon and D. H. Werner, Opt. Express 17, 78077 (2009). 


2D Luneburg Lenses with 
Graphene and Surface Plasmons 


TO All-dielectric Flat Lenses 











-80 -40 0 40 80 Р | 
Vakil and N. Engheta, Science 332, 1291 (2011). | 
Y. Liu, T. Zentgraf, G. Bartal, and X. Zhang, Nano С 5 
Гей. 10, 1991 (2010). 


W. Tang, C. Argyropoulos, E. Kallos, W. Song, and Y. Hao, 
IEEE Trans. on Antennas and Propagation 58, 3795 (2010). 


"s Metamaterial Lenses for Multi-Beam Radiation 
є - 3D Radiation Pattern Comparison 










— | 7 
monopole 


Realized Gain (dB) 





With Lens 






Radiation Pattern 


Realized Gain (dB) 


a A redistribution of the radiated energy in desired directions! 


4.25 GHz 
y. abe | s ( т W | ти = f^ . md | 2] alea: = - \ | m" - Ж | | |f "ü | —— d eme 
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4.85 GHz 5.10 GHz 













X No Lens 


Radiation 
Pattern 


Realized Gain (dB) 


-6 : | : : | | : | ч eei e e | LE. | Жа Mo 


T енене фоне тотона seme eee Boke EI ÓeeeBBeeeee4M-e34.] 


Z. H. Jiang, M. D. Gregory, and D. H. 






Werner, "Experimental 12 1 аға pos : „4. | | E Г 
Demonstration of a Broadband 71080 -135 -90 -45 0 45 -45 0 45 90 135 180 7180 -135 -90 -45 0 45 90 135 180 
Transformation Optics Lens for 9 Angle (deg) Ə Angle (deg) 0 Angle (deg) 

Highly Directive Multibeam Simulation without the lens (dashed blue lines), simulation with the lens (solid blue lines), measurement without the lens 
Emission," Phys. Rev. B, vol. 84, (dashed black lines), measurement with the lens (solid black lines). 


pp. 165111/1-6, October 2011. The simulated and measured E-plane realized gain patterns with and without the lens 


confirm the wave bending effect in the elevation plane. 
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Original Space Transformed Space Broadband Multi-beam Antenna 
with Simple Feed Structures 


TO Lens Antennas for Broadband Directive Radiation 
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Coordinate Transformation 
Radiation Patterns 
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Q. Wu, Z. H. Jiang, O. Quevedo-Teruel, J. P. Turpin, W. Tang, Y. Hao, and D. H. Werner, "Transformation Optics Inspired Multibeam Lens Ante 
for Broadband Directive Radiation," IEEE Transactions on Antennas and Propagation, Vol. 61, No. 12, pp. 5910-5922, Dec. 2013. 
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Transformation optics was used to generate a general illusion such that an arbitrary 
object appears to be like some other object. 


Real Space 


еезееееееееееег, 





Illusion 14 
Device 





Surface: Electric field, z component [V/m] Max: : 00 
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The scattering of a dielectric spoon looks like a metallic cup 








Real object 


Invisibility cloak 





Real object 








Creating multiple “ghost” wing illusions using 
multilayer TO-based metamaterial coatings. 


=» Nothing 





* Jiang et al., PRE, 83, 2011 


Bulk Multilayer 


Metamaterial Coating 


A PEC cylinder looks like a 
dielectric cylinder 












* Jiang et al., AFM, 23, 2013 


Electromagnetic Illusion Created by Metasurfaces 


Using a single layer metasurface to achieve illusion. 


Conducting 
or Dielectric 
Cylinder 





Conducting 
or Dielectric 
Cylinder 





Without Metasurface Cloaking With Metasurface 
1.5 
PEC cylinder 
0 
21.5 -1.0 -0.5 0 0.5 1.0 1.5 
х/Л, -1.5 


Dielectric cylinder 1 (=, = 2) 


15 
10 
0.5 

“ғ 
0 

ЕЗ 


-0.5 





Dielectric cylinder 2 (€, = 20) 


1.5 





1.0 


0.5 


Conducting 
or Dielectric 
Cylinder 


Illusion With Metasurface 





Metasurfaces made of periodic metallic patterns 


PEC cylinder with metasurface coating to mimic free space 
1,5 


1.0 
0.5 

<= 
0 

Ы 


-0.5 





-1.5 -10 -05 0.5 1.0 1.5 


0 
X/Ào 


Dielectric cylinder 1 with metasurface coating to mimic dielectric cylinder 2 


1.5 
1.0 
0.5 
< 
0 
ES 


-0.5 


X/Àg 


ремне | 


Metasurface Illusion 9 


* Finite cylinder: 2.34A, long at 2.5 GHz, 12 unit cells in the z-direction. 
е Тһе scattering patterns were measured in the x-y plane using two horn antennas іп ап anechoic chamber. 








N “ы. еее а т Беине | „Ханна “SIMU. target copper 
O : |====simu. uncoated Teflon 
= -— — simu. coated Teflon 
Ф u meas. coated Teflon 
s 

E(z) = 
2. 

К(х) 
(2 
O 
Cc 
O 
D 
N 
w simu. target Teflon | | 
iz * simu. uncoated copper | | 
о — = simu. coated copper : : “> a _ 
«2 " meas. coated copper : : : : : 
0 
/ 0 20 | 40 60 80 100 120 140 160 180 
ф (дед) 
Metasurface Metasurface Very good agreement was achieved, demonstrating the illusion 


coated Teflon coated copper effect using a single metasurface coating with super scattering. 


cylinder cylinder Accepted for publication in Advanced Functional Materials 
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2 Optical Metamaterial Filters and Mirrors 








о И . Transmission band: 373.5 um 
Broadband Dispersion Mean in-band insertion loss: « 1dB а вва нь в екй Б Ба 
T 1 Phot Mean out-of-band transmission: ^ -10.1dB milsie-tUIierdarit MViid-IR All-Dielectric FSS Filter 
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Eng gin ETEN FUSTO In-band group delay variation: ~ 12#5 
Metz Ame аїегіг ul Filter = Wavelength (um) 
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3 Е 
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Frequency (THz) 
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Dots: Simulations 


Exploiting Loss in Metamaterial Absorbers de 





Dual-Band Absorber with Wide FOV Broadband Super-Octave Mid-IR 
By exploiting the loss in the metamaterial Absorber This Au-polyimide metamaterial 
structure, we can optimize absorbing E absorber was optimized to have 
structures. H more than an octave of 
k bandwidth in the Mid-IR. 


This Au-polyimide 


optimized to have 
dual absorption 
bands with a 
0x50" Field-of- 
View. 





50 


л 
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go 8 40 0.8 
Ф Ф 
Е 30 C 30 0.6 
5 9 
2 о 
= 20 = 20 0.4 
о о 
Ф o 
о о 
51% B" a Simulated Measured 
" 2 3 4 5 6 
9 | | Üs 3 35 4 45 5 9 2 3 4 5 6 

D Wavelargiti Quin) оқ Wavelength (um) Wavelength (um) Wavelength (ит) 

*7. Jiang, S. Yun, F. Toor, D. H. Werner & T. S. Mayer, ACS Nano 5, * J. A. Bossard, et al., ACS Nano, 8(2), pp. 1517-1524 (2014). 


pp. 4641-4647 (2011). 
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Future Trends 


Rapid growth in the application space for 
metasurfaces, especially in the area of novel optical 
coatings technology 


o Reconfigurable and tunable metamaterials 
o Fabrication of 3D optical metamaterials using 


bottom-up and/or hybrid assembly techniques 


Development of design approaches that stress 
practical material properties for the realization of 
transformation optics devices 


Efficient analysis/design techniques for 3D 
transformation optics devices 
Consider systems of transformation optics 


components rather than focusing on individual 
devices 


"MS — Integrated Photonic Systems Based on 


= Transformation Optics Devices 


ы Coordinate Transformation 
: 0.8 = 
ғ | A A m HH 
7 | с 1 | PH г EE ТЕРІ. 
BET Ae | TEE | 
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TO Waveguide Coupler 


нин ы ты шын ы кы кы кы: шын шын шыш d 


Polarization Splitter 


а 
l 
“ 







Photodetector 





Transformation optics devices that perform diverse, simple functions can be integrated together on a 
chip to build complex photonic systems for optical communications, imaging, computing, and sensing. 


Q. Wu, J. P. Turpin, and D. H. Werner, "Integrated photonic systems based on transformation 
optics enabled gradient index devices." Light: Science & Applications, 1:e38 (2012). 
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a Hybrid-Mode Horn Antennas 





Corrugated Horns o Hybrid-mode horns for satellite antennas 

= A Axially symmetric patterns 

= Low cross-polarization, dual polarized antennas 
= Broadband operation 


= Ideal feeds for reflectors 


o Hybrid-mode horn implementations 





= Corrugated horns, strip loaded horns 
= Dielectric loaded horns 
o Metamaterials with dielectric constant less than unity 


= Larger bandwidth than corrugated horns 





= Lower weight and loss than dielectric-loaded horns 


Dielectric Loaded Horns Metamaterial-based hybrid-mode soft horn 


= 








etamaterial 








E. Lier and R. K. Shaw, Electron. Lett., vol. 44, pp. 1444-1445, 2008. 
Е. Lier, IEEE Antennas and Propag. Magazine, vol. 52, no. 2, pp. 31-39, 2010. 
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JIM 
Balanced hybric 
metasurface 


12 14 16 18 
Frequency (GHz) 


Normalized Surface Impedance (Z/n,) 
Боо нон ышы ьо а 
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Low index 
2, Ў 
metamaterial 


Refractive index & Wave impedance 
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Frequency (GHz) 
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V Broadband Hybrid-mode Horn with Metamaterial Liner 


Metasurfaces optimized 
to support balanced- 
hybrid mode . – ~ 

2 м 








/ N 
Y / Top view ы е 
/ ч Hybrid-mode - 
1 \ field distribution 
p \ 
” ' | Hybrid-mode horn with low sidelobes 
| | | and low cross-polarized radiation 
| | 25 | 
tal vi co-pol no liner 
| Side view — rr ise Poder Radiation 
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Effective material parameters 
by specialized inversion 
algorithms 
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Q. Wu, C. P. Scarborough, D. H. Werner, E. Lier, and X. Wang, "Design Synthesis of Metasurfaces for Broadband Hybrid-mode 
Horn Antennas with Enhanced Radiation Pattern and Polarization Characteristics," /EEE Transactions on Antennas and 
Propagation, Vol. 60, No. 8, pp. 3594-3604, Aug. 2012. 
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— Configuration and Design 


Configuration Effective Medium Properties 


— real(e ) 
----imag(e ) 
— real(e ) 

: m.m imag(e. ) 


— real(e ) 


Effective Permittivity Tensor Parameters 


3 3.5 4 
Frequency (GHz) 


Integrated Simulation 


=== Monopole 
| | | -—— Actual MM ` 
222.42 1. : қ Қате 3 бақа ыз е : gb cus == Ап! Effective. Medium. 














| | 3 3.5 4 4.5 
Z. H. Jiang, M. D. Gregory and D. H. Werner, /EEE Antennas Frequency (GHz) 
and Wireless Propagation Letters, vol. 10, pp. 1543-1546 (2011). 
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Anisotropic Metamaterial Coating асас \ 
— Fabrication and Measurement 





e Enhances the bandwidth of a conventional monopole to over an octave. 
* The anisotropic metamaterial coating 1s compact, lightweight and low-cost. 


Frequency 





Blue line: Simulated monopole alone. 
Gray line: Measured monopole alone. 
Red line: Simulated monopole with MM. 
Black line: Measured monopole with MM. 


D Enhanced Electromagnetic Radiation Using 
wy Subwavelength Profile Leaky Metamaterial Coating 


1 














0 
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5 8 . 
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Сс и 
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Near- and far-zone electric field distribution 
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= 5 Ф з — — Sim. MM (norm. Sim. No MM) 
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2 —— Меа. MM (norm. Meas. No MM) | 
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Using a substrate integrated waveguide fed slot antenna as a quasi-TM source, we experimentally demonstrated a 
0.12À metamaterial coating providing unidirectional radiation with over 5-fold radiation power enhancement over a 


wide band. 
Z. H. Jiang, Q. Wu, and D. H. Werner, Phys. Rev. B, 86, 125131/1-7 (2012). 
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Impedance of slot w/wo AZIM coating. 





Without AZIM | | | —————— 
: T E) | валаа елан - —-51ти!аїїоп 
-== -= Simulation EM. 
| п. | | —— Measurement 
P 4.5 5 5.5 6 6.5 7 d 4.5 5 5.5 6 6.5 7 
Frequency (GHz) Frequency (GHz) 


e The added AZIM coating does not significantly affect the impedance of the SIW fed slot antenna. 
e Simulation using effective medium lens agrees well with that using actual discrete 


2А 


nanoscale 
Science 
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E-plane radiation patterns of slot wwo AZIMcoating. и | 
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Normalized 
E-Plane Pattern (dB) 
Normalized 
E-Plane Pattern (dB) 
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e [he double-peak radiation patterns caused by finite ground plane diffraction are eliminated. 
* Astable sharp peak pointing at broadside is achieved with AZIM coating (total thickness: 0.124). 


Metasurface-enabled Wearable Antenna d 


--- 2.4 GHz MBAN band antenna measurements 








Integrated Antenna Being Bent Integrated Antenna Conformed to Body 


Reflection at Input Port of the Antenna 
| | 0 
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Z. H. Jiang, D. E. Brocker, P. E. Sieber, and D. H Werner, "A Compact, Low-Profile Metasurface-Enabled Antenna for Wearable Medical Body- 
Area Network Devices," /EEE Transactions on Antennas and Propagation, Vol. 62, No. 8, pp. 4021-4030, Aug. 2014. 
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Coordinate Transform 





Experiment J Microwave Regime | 





Pendry et al., Science 312, 1780 (2006) 
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Rahm et al., Photon. Nanostruct. 6, 87-95 (2008) Kwon and Werner, APL 92, 113502 (2008) 
Leonhardt, Science 312, 1777 (2006) 
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US A Compact Directive Antenna LOCKHEED MARTIN 
Combining Collimating Meta-lens and AMC Ground Plane 










Magnetic and electric molecules are combined to 
form an anisotropic low-index metamaterial. 


Transformation electromagnetics inspired 
dual-polarization collimating meta-lens 





Dual-metamaterial antenna design 


VA Printed circuit board construction 


compact, lightweight, and low cost 






Meta-lens 
Simple feed, high gain antennas for 


space ИСЕ 






vio | 
-90 -45 0 45 90 


An artificial magnetic conducting (AMC) ground plane 
reduces the antenna profile by over 20% while 


maintaining good radiation efficiency. 


J. Turpin, Q. Wu, D. H. Werner, B. Martin, M. Bray and E. Lier, "Near-Zero-Index 
Metamaterial Lens Combined with AMC Metasurface for High-Directivity Low-Profile Antennas," 
ІЕЕЕ Transactions on Antennas and Propagation, Vol. 62, No. 4, pp. 1928-1936, April 2014. 


Dipole Feed 
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isotropic u = -1 Metamaterial for MRI Enhancement at 8.5MHz for Prostate Cancer Detection 


Low-frequency performance is made possible by ring 
resonators loaded with capacitors and inductors. 








With the lens (green), 
the lens resolves two 
magnetic sources that 
cannot be distinguished 
without the lens (blue). 







Normalized Transmitted Power 


The lens also 
increases the receivec 
magnetic field by a 

Position [mm] factor of 20 or more. 


C. Scarborough, et al., Appl. Phys. Lett., 101, 014101 (2012). 





Transformation Optics Gradient Index Flat Lens 


Extreme-Angle Broadband Metamaterial Flat 
Lens by Transformation Optics 


—— 


Flat Lens Flat Lens ' d 


кошек аге Bulk TO Layered TO 


Many TO designs . 
require impractical.‘ 
material 
properties, butthis * * : : :::** 
uses a quasi- 
conformal 
mapping to create 
a design with 


The lens works by an 
index of refraction tapering 
from 1 at the edges to 4 in 
the focal plane. 
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Ec Broadband Dispersion Engineered Photonic Metamaterial 
* Design approach involves tailoring both effective permittivity and permeability profiles of the metamaterial. 


* Metamaterial filter achieves a broadband flat-top transmission band and suppressed group delay variation. 
* Metamaterial prism achieves wavelength-dependent beam steering (along with filter functionality). 





Proposed Dispersive Negative-Zero-Positive Index Metamaterial 
(Applications: Broadband Filter and Beam Steering Prism) 
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Constant Group Delay (т d 
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Idea Filter Response Required Effective Medium Properties Effective Medium Slab Performance 
(Prism) 


Performance of a prism with a 30 tilt angle composed of the effective medium shown above. 





Metallodielectric mid-infrared filter ^9: 
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Excellent (220 dB attenuation) 
multiband filter performance superior 
to state-of-the-art conventional 
designs in the IR 


Y. Tang, J. A. Bossard, D. H. Werner, and T. S. Mayer, "Single- 
Layer Metallodielectric Nanostructures as Dual-band Midinfrared 
Filters," Applied Physics Letters, 92, 263106, 2008. 
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nanoscale 
science 
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Dolling et al. (2006) 
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Dolling et al. (2007) 
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2.3Ax11.54X. slab at 3.46THz 
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¢Sub-wavelength 
imaging 





* Flat optical lens 





Potential applications 


nanoscale 
science 


* Artificial mirror created from all dielectric guided wave structure — lower loss than metallic structure. 
- Aperfect mirror can be achieved with a metamaterial slab having: Re(n)—0, Im(n)—-00, Re(z)—0 
- Realized by pixelized aSi structure optimized using genetic algorithm. 
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S. Yun, et al, Appl. Phys. Lett., 102, 171114 (2013). Perfect Reflection in the Mid-IR 
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*Gingrich and Werner, Elec. Lett. 41, 1266-1267 (2005). 





*Wu et al., Appl. Phys. A 87, 151- 


nanoscale 
science 


*Enoch et al., PRL 89, 213902 (2002). 


*Kwon et al., Elec. Lett. 43, 319-320 (2007). 
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25:9. Optical Zero-Index Metamaterial Е 
Zero Index Metamaterials 


-Less studied compared to negative indices 


-Phase delay lines, collimators, angle filters, etc 


Effective Index of Refraction ( n a} 





Simulation 





Effective Impedance ( Z » ) 


Optimized parameters at 1550 nm 
- 0.069-0.054) 


- 1.01-0.023j 
[T| 2 0.919- -0.73dB 
|К | 2 0.0033- -49.64dB Impedance matched zero index achieved 
|A| = 0.1552= -8.09dB 


*S. Yun, Z. H. Jiang, Q. Xu, Z. Liu, D. H. Werner, & T. S. Mayer, ACS Nano 6, 4475-4482 (2012) 
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500 nm 


Free standing structure with vertical sidewalls 
*S. Yun, Z. H. Jiang, Q. Xu, Z. Liu, D. H. Werner, & T. S. Mayer, ACS Nano 6, 4475-4482 (2012) 
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5:9. Simulated and Measured Results UE 
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*S. Yun, Z. H. Jiang, Q. Xu, Z. Liu, D. H. Werner, & T. S. Mayer, ACS Nano 6, 4475-4482 (2012) 
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Фф BDE Enabled Photonic Metamaterial Filter - 


Design goals 

-Wavelength range of interest: 2.5-4 um 
- Flat top filter function 3-3.5 um 

- Suppressed group delay variation 


Optimized Metamaterial Filter Structure 


Z. H. Jiang, S. Yun, L. Lin, J. A. Bossard, D. H. Werner, and T. S. Mayer, "Tailoring M 
Dispersion for Broadband Low-loss Optical Metamaterials Using Deep-subwavelength 47 y 
Inclusions," Scientific Reports, Vol. 3, pp. 1571/1-9, March 2013. 4. 


Top-View of a Portion of the Filter Tilted View of a Portion of the Filter 
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ип ЕТІН Measurements 





Optical Setup for Characterization 
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Transmission band: 2.95-3.50 um (~ -1 dB) 
Transmission variation: < 0.6 dB 
Outside the band: < -8.3 dB 


